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Abstract 
In this study, classical analogs of single and dual-band 
electromagnetically induced transparency are demonstrated 
with a four-fold symmetric metamaterial consisting of a 
Minkowski fractal ring resonator surrounded by a square 
ring resonator. The proposed metamaterials show high 
transmission ratios at the polarization independent 
resonances, as confirmed by the applied two different 
numerical methods. The proposed first and second 
metamaterials show electromagnetically induced 
transparency-like peaks at 8.87 GHz and 9.30 GHz with 
93.2% and 93.1% transmission ratios, respectively. The two 
metamaterials are deliberately arranged in a 2×2 supercell 
array to yield a polarization independent dual-band 
electromagnetically induced transparency-like 
metamaterial. As a result, two transmission peaks emerge at 
8.77 GHz and 9.22 GHz with 81.3% and 90.7% 
transmission ratios, respectively. Delay-bandwidth 
products, which are regarded as a measure of slow-light 
ability, are found to be 0.34 and 0.61 at the resonances of 
the dual-band metamaterial. The peak frequencies and 
transmission ratios maintain not only for different 
polarization angles but also for oblique angles of incidence. 
These features of the proposed metamaterials are promising 
for single and multi-band filtering applications, phase-
shifters, as well as for slow light and sensing devices. 
1. Introduction 
Metamaterials are sub-wavelength periodic structures which 
can be employed to produce unusual electromagnetic 
properties, such as negative refraction, super-lensing, near-
unity absorption [1-3]. The design flexibility of 
metamaterials allows them to be used in a variety of 
applications in the fields of optics, electronics and as 
RF/microwave components. Distinctive properties of 
metamaterials have been exploited in a variety of emerging 
application fields, such as in energy harvesting [4-6], 
antenna technologies [8-14], biosensing [15-17] and slow-
light devices [18, 19].  
In recent years, low-loss substrates are used in 
metamaterial absorbers to capture the electromagnetic 
energy and convert to DC voltage using Schottky diodes 
[4], PIN diodes [5] or rectifier circuits [6]. In antenna 
technologies, metamaterials are used to increase the 
impedance bandwidth [7], reduce the size and extend the 
operation bandwidth [8, 9], enhance the gain and radiation 
efficiency [10-12] and to widen the angle of beam steering 
[13]. For mass production, the uses of lumped components, 
via-holes and defected ground structures are avoided by 
using metamaterials or metamaterial based transmission 
lines in antennas [14]. In the field of biosensing, small 
number of molecules in dilute solutions can be detected, 
thanks to label-free biosensors based on metamaterials [15]. 
Resonant transmission or reflection features of 
metamaterials lead to very sharp transmission or reflection 
peaks, which are remarkably desirable for developing 
highly sensitive sensors [16, 17]. In addition, sharp peaks 
enable slow-light property so that the speed of 
electromagnetic waves can be manipulated in a way much 
more effectively than using cold atom-methods [18, 19]. 
One of the convenient methods for achieving slow-light 
propagation and electromagnetic wave control is the 
generation of electromagnetically induced transparency-like 
effect [20]. Although originally related to a quantum 
mechanical effect [21], the classical analogue of 
electromagnetically induced transparency has been observed 
in metamaterials as a result of destructive interference 
between different kinds of modes [22]. As a result of EIT-
like effect, a sharp transparency window appears inside a 
broad absorption band. The sharp transmission band yields a 
reduction in the group velocity of electromagnetic waves, 
which has many important applications in slow light 
devices, as well as in nonlinear optical and sensing 
applications [23, 24]. 
Classical analogues of EIT in metamaterials have been 
reported based on near-field coupling between bright and 
dark modes, bright and quasi-dark modes and bright and 
bright modes [25-29]. The bright mode can be directly 
excited by the incident electromagnetic waves, whereas the 
dark mode can only be excited by coupling with the bright 
mode. In this context, many different EIT-like 
metamaterials have been designed in microwave [20, 22, 
25, 27-29], terahertz [23, 24, 26, 30] and optical frequency 
ranges [31]. However, most of the reported EIT-like 
metamaterials are sensitive to a fixed polarization of the 
impinging wave and have single-band of operation. On the 
other hand, many circular waveguide systems, fiber optic, 
radio-frequency and microwave communication systems 
work with circular or elliptical polarized waves. Therefore, 
polarization independent EIT-like metamaterials are very 
convenient to be used in slow-light devices, microwave 
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phase shifters and filters.  
In this study, we have designed, fabricated and 
investigated a dual-band polarization independent EIT-like 
metamaterial at microwave frequencies by using supercell 
method. In this method, two polarization independent single 
band EIT-like metamaterials are first designed to operate at 
the same resonance frequency. The unit cells of the 
designed EIT-like metamaterials are combined in a 
supercell configuration with C4 symmetry to create a dual-
band polarization independent EIT-like metamaterial. The 
proposed dual-band and polarization independent EIT-like 
metamaterial has potential to be employed in multi-band 
slow light devices, multi-frequency filtering, multi-mode 
phase shifters and in highly sensitive sensors.   
2. Design and modeling 
A square ring (SR) resonator and a first-order Minkowski 
fractal ring (MFR) resonator are used as the resonators of 
the unit cell. The resonators are made of copper (35 µm-
thick) with a four-fold rotational symmetry to enable 
polarization independence. The unit cell constant, p, is 
selected to be 10 mm and the geometrical parameters of the 
two resonators are arranged to have a reflection resonance 
at close frequencies. Rogers RT Duroid/5880 substrate with 
a thickness of 1.575 mm and a dielectric constant of 2.2 is 
used as the substrate of the investigated metamaterials.  
The magnitude and phase of transmission are calculated 
by two commercially available full-wave electromagnetic 
solvers to support the accuracy of the results. For this 
reason, a finite-integration based electromagnetic solver, 
CST Microwave Studio, and a finite-element method solver, 
Ansys HFSS, are used. The electromagnetic waves are sent 
to the structure along z-direction and, unit cell and 
master/slave boundaries are used during the calculations 
with CST and HFSS, respectively. 
3. Discussion 
The unit cell of the first EIT-like metamaterial is depicted 
schematically in Figure 1(a). The coupling distance between 
the two resonators is set as 0.5 mm for the proposed first 
EIT-like metamaterial. The geometrical parameters of the 
unit cell given in Figure 1(a) are as follows: l=7.5 mm, 
w=0.5 mm, l1=1.95 mm, w1=0.2 mm, c=1.5 mm, d=2.0 mm.   
The quality-factor (Q-factor) of the resonators determines 
how the resonators interact with the incident 
electromagnetic wave. The Q-factor can be calculated by 
the division of the EIT-like peak frequency with respect to 
the full-width at half-maximum bandwidth of the band. The 
SR resonator solely in the unit cell has a reflection 
resonance at 10.55 GHz with a Q-factor of 2.4. On the other 
hand, reflection resonance appears at 10.40 GHz for the 
MFR resonator with a Q-factor of 8.1. Therefore, SR and 
MFR resonators can be regarded as bright and quasi-dark 
resonators, respectively. 
The transmission spectra of the first EIT-like 
metamaterial are given in Figure 1(b) for x-polarized and y-
polarized incidence. When the resonators are combined in 
the unit cell, a transmission peak appears at 8.87 GHz with 
a full-width of half-maximum (FWHM) bandwidth of 1.05 
GHz and 93.2% transmission, as calculated by CST. On the 
other hand, HFSS calculations result in a transmission peak 
at 8.83 GHz with 1.02 GHz FWHM bandwidth and 91.5% 
transmission. There is a very good agreement between the 
calculated transmission spectra by the two methods. The 
overlap of the spectra belonging to x-polarized and y-
polarized incidence shows that the proposed first EIT-like 
metamaterial has polarization independent character.  
 
 
Figure 1: (a) Unit cell, (b) transmission spectra and (c) 
surface current distributions for the proposed first EIT-like 
metamaterial. 
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The occurrence of the EIT-like effect can be confused 
with the Autler-Townes splitting (ATS)-like effect. It is 
demonstrated that ATS-like effect is active in strong 
coupling regime; whereas EIT-like effect is experienced in 
the weak coupling scheme [32, 33]. In order to investigate if 
the coupling is weak or strong, surface current distributions 
are analyzed at the EIT-like peak frequency under x-
polarization and are presented in Figure 1(c). Although SR 
is a bright resonator, surface currents accumulate much 
more in the MFR resonator, which is a quasi-dark resonator. 
This shows that near-field coupling between the SR and 
MFR resonators takes place. The amplitude of surface 
currents in the MFR resonator is moderate. This shows that 
the coupling between the resonators is not strong, indicating 
the occurrence of EIT-like effect. 
In order to create the dual-band EIT-like metamaterial, a 
second EIT-like metamaterial with a transmission resonance 
at a close frequency to that of the first EIT-like 
metamaterial is aimed to be designed. The unit cell of the 
proposed second EIT-like metamaterial is schematically 
illustrated at Figure 2(a). The first step to design the EIT-
like metamaterial is to design the individual resonators to 
have a reflection resonance at the same frequency. The 
geometrical dimensions of the second EIT-like 
metamaterial are arranged as follows: l=8.0 mm, w=0.8 
mm, l1=1.95 mm, w1=0.2 mm, c=1.7 mm and d=1.5 mm. 
There is a distance of 0.7 mm between the SR and MFR 
resonators. 
The SR resonator solely has a reflection resonance at 
10.49 GHz with a Q-factor of 1.89. On the other hand, MFR 
resonator has a reflection resonance at 10.65 GHz with a Q-
factor of 10.87. When the two resonators are combined in 
one unit cell, a transparency window opens at 9.30 GHz 
with a FWHM of 0.87 GHz and a transparency of 93.1% 
(CST calculations). On the other hand, HFSS calculations 
point out a reflection resonance at 9.09 GHz with a FWHM 
bandwidth of 0.87 GHz and a transparency of 93.4%. The 
transmission curves calculated by CST and HFSS are 
almost identical and indicate a polarization independent 
behavior, as demonstrated in Figure 2(b).  
In order to explore the physical origin of EIT-like effect, 
surface current distributions are analyzed in Fig. 2(c) at the 
EIT-like peak frequency. It is clearly seen that surface 
currents hardly accumulate at the SR resonator; whereas the 
accumulation of surface currents in the MFR resonator is 
moderate so that there is a clear evidence for the EIT-like 
effect. The surface currents flow in opposite directions 
between the inner edge of the SR resonator and MFR 
resonator, which is a result of destructive interference 
between the two resonators. Hence, the net residual current 
in the SR resonator is very low so that radiation losses are 
diminished at the EIT-like peak frequency. 
Two polarization independent single-band EIT-like 
metamaterials with transparency ratios greater than 90% 
have been designed. Finally, a polarization independent 
multi-band EIT-like metamaterial is formed by combining 
the designed two EIT-like metamaterials in a 2×2 supercell 
configuration with central symmetry. It would be beneficial 
to note here that the reason for choosing a 2×2 supercell 
rather that 1×2 or 2×1 is due to provide central symmetry 
for polarization independency. The schematic view of the 
designed dual-band EIT-like metamaterial is depicted in 
Figure 3(a) and the corresponding transmission spectra are 
plotted in Figure 3(b).  
 
 
Figure 2: (a) Unit cell, (b) transmission spectra and (c) 
surface current distributions for the proposed second EIT-
like metamaterial. 
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Two transmission bands emerge in a broad stop band 
between two transmission dips of 8.54 GHz and 11.68 GHz, 
as a consequence of electromagnetic near-field coupling in 
the individual unit cells. Transmission peaks are found to be 
at 8.77 GHz and 9.22 GHz with transmission ratios of 
81.3% and 90.7% and FWHM bandwidths of 0.20 GHz and 
0.74 GHz, respectively, from the calculations by CST. 
Besides, HFSS calculations also result in two transmission 
peaks at 8.23 GHz and 9.07 GHz with transmission ratios of 
81.5% and 90.0% and FWHM bandwidths of 0.30 GHz and 
0.69 GHz, respectively. There is a very good agreement 
between the transmission results obtained from CST and 
HFSS and the proposed dual-band EIT-like metamaterial 
shows a polarization independent behaviour.  
 
 
Figure 3: (a) Unit cell and (b) transmission spectra of the 
proposed dual-band polarization independent EIT-like 
metamaterial. 
 
The most important outcome of electromagnetically-
induced transparency-like effect is the increase of the group 
delay of the electromagnetic waves while transmitting 
through the metamaterial sample. The group delay can be 
calculated from the transmission phase (Φ) data,  
 
           (1) 
 
where w is the angular frequency. 
It would be worthwhile to associate the EIT-like peak 
resonances with the first or second EIT-like metamaterial as 
studied above. For this reason, surface current distributions 
are investigated by CST at the EIT-like resonances of 8.77 
GHz and 9.22 GHz and the corresponding results are 
presented in Figure 4. It is clear from Figure 4 that the first 
investigated EIT-like metamaterial is responsible for the 
existence of the first EIT-like peak at 8.77 GHz and the 
second investigated EIT-like metamaterial is accounted for 
the second EIT-like peak at 9.22 GHz. It can also be 
deduced from the plot that there is not any electromagnetic 
near-field coupling between adjacent unit cells. The two 
EIT-like bands emerge as a consequence of near-field 
coupling between the resonators in different unit cells.  
 
 
Figure 4: Surface current distributions of the dual-band EIT-
like metamaterial at the EIT-like resonances of (a) 8.77 GHz 
and (b) 9.22 GHz. 
 
The group delay spectrum is calculated from the 
wrapped transmission phase of CST. Since the transmission 
phase is completely identical for x-polarized and y-polarized 
incidence, the group delay spectrum is calculated for only 
one of the two orthogonal polarizations as shown in Figure 
5. Electromagnetic waves delay by 1.72 ns and 0.82 ns at 
G
dΦ
dw
t = -
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the two S21 peak frequencies, 8.77 GHz and 9.22 GHz, 
respectively. Group index can be calculated by the 
following formula nG=(c/d)τG, where c is the speed of light 
in vacuum, d is the thickness of the substrate and τG is group 
delay [29, 34]. Hence, group index is found to be 328 at 
8.77 GHz and 156 at 9.22 GHz. Delay-bandwidth product 
(DBP) is an important parameter to measure the ability of 
slow light for slow-wave filters and delay lines. It is 
calculated by the multiplication of group delay with FWHM 
bandwidth [29, 35, 36]. DBPs are found to be 0.34 and 0.61 
for the dual-band EIT-like metamaterial at the peak 
transmission frequencies. The obtained DBP value of 0.61 
is greater than those of single-band EIT-like metamaterials 
reported in [29, 35, 36]. A comparison of the transmission 
ratio, slow light capability and polarization dependency 
property of our dual-band EIT-like metamaterial with the 
literature is provided in Table 1. It can be clearly seen from 
the comparison that the proposed EIT-like metamaterial is 
novel due to having two EIT-like bands with high group 
index and transmission ratio values, as well as being 
polarization independent. 
 
Figure 5: Group delay spectrum of the proposed dual-band 
polarization independent EIT-like metamaterial.  
 
 
Table 1: Comparison of transmission, group index and 
polarization dependency properties of EIT-like 
metamaterials. 
Ref. 1st band 
trans./group 
index 
2nd band 
trans./group 
index 
polarization 
dependency 
[29] 83% / 103 - independent 
[35] >90% / 30 - dependent 
[34] 71% / 150 - dependent 
[37]  90% / 46 - dependent 
[38]          60% / 185         - independent 
[39]  - / 125 - independent 
[40] 63% / 247 61% / 377 dependent 
[41]  92% / - 88% / - dependent 
  This 81.3% / 328    90.7% / 156 independent 
 
It is desirable to keep the slow light properties constant 
for different oblique as well as polarization incidences for 
practical applications. Therefore, the dependence of the 
transmission spectra to various polarization angles is plotted 
in Figure 6. The proposed dual-band EIT-like metamaterial 
is completely polarization independent as it is apparent 
from Figure 6. Since the proposed metamaterial is designed 
to have a fourfold rotational symmetry, this is expected. 
  
Figure 6: Transmission spectra of the proposed dual-band 
polarization independent EIT-like metamaterial for various 
polarization angles.  
 
Transmission spectra of the proposed polarization 
independent EIT-like metamaterial under various oblique 
incidences are plotted in Figure 7 for x-polarized incidence 
and in Figure 8 for y-polarized incidence. Especially, the 
FWHM bandwidth of the second transmission band 
increases to 1.06 GHz for x-polarized incidence, whereas it 
decreases to 0.46 GHz for y-polarized incidence. The reason 
behind the increase (decrease) of bandwidth is the change of 
orientation of electric (magnetic) field vector as the 
incidence angle increases. On the other hand, EIT-like 
resonance frequencies unchange and transmission ratios 
slightly change, although the angle of incidence increases. 
This shows that the proposed polarization independent dual-
band EIT-like metamaterial shows a robust performance 
against the change of the incidence angle. 
 
Figure 7: Transmission spectra of the proposed dual-band 
polarization independent EIT-like metamaterial for oblique 
angle of incidences under x-polarized incidence. 
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Figure 8: Transmission spectra of the proposed dual-band 
polarization independent EIT-like metamaterial for oblique 
angle of incidences under x-polarized incidence. 
 
It is remarkable to note here that dual-band slow light 
effect is more demanding than single-band slow light effect, 
since it can be employed in multi-frequency filtering, multi-
band slow-light devices, multi-band phase shifters and in 
the development of more sensitive sensors [42-46]. The 
proposed dual-band EIT-like metamaterial has advantages 
in this respect and due to being polarization invariant it can 
be employed in applications unrestrictive from the direction 
of the impinging wave. 
4. Conclusions 
In this study, polarization independent, single and dual-band 
EIT-like metamaterials are designed by using two different 
numerical methods based on finite-integration technique 
and finite-element method. Both of the single and dual-band 
transmission peaks have more than 80% transmission. 
Delay-bandwidth products are calculated to be 0.34 and 
0.61 for the dual-band EIT-like metamaterial. In addition to 
being completely polarization independent, the dual-band 
EIT-like metamaterial also exhibits a robust performance 
against the change of incidence angle.  
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